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I n  1947, i n  h i s  c l a s s i c a l  paper on t h e  thermoaynamic p r o p e r t i e s  o f  

i s o t o p i c  substances, H. C. Ureyl ’  l a i d  t h e  f o u n d a t i o n  o f  modern i s o t o p e  

geochemistry.  A t  t h e  same t ime, A .  0. Nier- 2/ designed a new mass spectrom- 

e t e r  which a l lowed t h e  measurement o f  smal l  d i f f e r e n c e s  i n  i s o t o p e  abundance 

r a t i o s .  

i n  i n s t r u m e n t a t i o n  techniques by McKinney e t  a12’ f i n a l l y  i n i t i a t e d  s t a b l e  

A m o d i f i c a t i o n  i n  t h e  N ier - type  mass spect rometer  and a re f inement  

i s o t o p e  s t u d i e s  o f  t h e  t y p e  t h a t  w i l l  be d iscussed i n  t h i s  rev iew.  

The e a r l y  work done i n  t h e  f i e l d  o f  s t a b l e  carbon i s o t o p e  biogeochem- 

i s t r y  can be descr ibed as a reconnaissance survey, because l i t t l e  was 

a c t u a l l y  known a t  t h a t  t i m e  o f  the C13 c o n t e n t  i n  t h e  var ious  b i o l o g i c a l  

and g e o l o g i c a l  m a t e r i a l s .  T h i s  i n t r o d u c t o r y  chapter  o f  i s o t o p e  biogeochem- 

i s t r y  was l a r g e l y  w r i t t e n  by Baer tsch i -  4/ , Craigz’, Landergreng’, N i e r  ahd 

Gulbransen- 7/ , Rankamal,  West?’, and Wickman- 1 0’ . 
’ 

A s i g n i f i c a n t  breakthrough i n  i s o t o p e  research  s t a r t e d  about 1960. 

Park and Epsteinfl’ 12’ and Abelson and Hoer ingE’  d iscovered t h a t  photo- 

s y n t h e t i c  carbon r e d u c t i o n  may l a b l e  t h e  v a r i o u s  m e t a b o l i c  products  d i f f e r -  

e n t l y .  Both groups o f  au thors  r e a l i z e d  t h e  s i g n i f i c a n c e  o f  t h i s  o b s e r v a t i o n  

f o r  s t u d i e s  on t h e  b i o s y n t h e t i c  pathways o f  carbon and t h e  g e o l o g i c a l  carbon 

cyc$e. 
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App ly ing  da ta  by B i g e l e i s e n E ’  on t h e  r e l a t i v e  r e a c t i o n  v e l o c i t i e s  

o f  i s o t o p i c  molecules,  Silvermanfi’ and Sacket t  e t  a1 .H’ showed t h a t  

thermal c r a c k i n g  o f  carbon-carbon bonds i n  v a r i o u s  o r g a n i c  m a t e r i a l s  may 

i n t r o d u c e  i s o t o p e  f r a c t i o n a t i o n .  

The p r e s e n t  t r e n d  i s  t o  analyze pure  and c h e m i c a l l y  w e l l - d e f i n e d  

carbon compounds, and t o  s tudy  the i s o t o p e  r e l a t i o n s h i p s  between c o - e x i s t -  

i n g  o r g a n i c  phases. 

proach, who i s  g e n e r a l l y  more i n t e r e s t e d  i n  t h e  element o r  i s o t o p e  com- 

p o s i t i o n  o f  i n d i v i d u a l  m i n e r a l s  than i n  t h e  chemis t ry  o f  a homogenized 

r o c k  powder. 

T h i s  f e a t u r e  i s  analogous t o  t h e  geochemist ’s  ap- 

Scope o f  s t u d i e s  

There a r e  a g r e a t  number o f  s p e c i f i c  problems, bo th  i n  t h e  f i e l d  o f  

b i o l o g y  and geology, where carbon i s o t o p e  da ta  can be used p r o f i t a b l y .  

The s i g n i f i c a n t  a p p l i c a t i o n  t o  b i o l o g y  l i e s  i n  t h e  o u t l i n e  o f  b i o s y n t h e t i c  

pathways th rough a comparison o f  i s o t o p e  r a t i o s  i n  d i s c r e t e  b iochemicals .  

Inasmuch as organisms can be s tud ied  i n  t h e i r  n a t u r a l  h a b i t a t ,  t h e  advan- 

t a g e  o f  s t a b l e  carbon i s o t o p e  methods over  rad iocarbon techniques becomes 

e v i  dent.  

I n  geology on t h e  o t h e r  hand we a r e  p r i n c i p a l l y  d e a l i n g  w i t h  two 

s e t s  o f  problems. 

o f  o r g a n i c  m a t t e r  through geo log ic  t ime;  t h e  second one t r i e s  t o  g a i n  

more i n s i g h t  i n t o  t h e  n a t u r e  o f  p r i m o r d i a l  carbon i n  t e r r e s t r i a l  and 

e x t r a t e r r e s t r i a l  bodies.  

The f i r s t  one i s  concerned w i t h  t h e  d i a g e n e t i c  f a t e  

As we proceed i n  o u r  d iscuss ion,  t h e r e  w i l l  be ample o p p o r t u n i t y  t o  

see t h e  i n t i m a t e  r e l a t i o n s h i p  between l i v i n g  and f o s s i l  carbon-conta in ing  

compounds. Furthermore, we w i l l  n o t i c e  t h a t  i n f o r m a t i o n  on t h e  d i s t r i b u t i o n  



o f  carbon iso topes  i n  a l l  b i o l o g i c a l  and geolog c a l  m a t e r i a l  i s  essent  
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t o  understand t h e  complex biogeochemical c y c l e  o f  carbon through t i m e  and 

space. 

METHODS OF ANALYSIS 

Combustion system f o r  o r g a n i c  m a t t e r  

The work ing gas o f  mass spectrometers i s  u s u a l l y  carbon d i o x i d e .  

Thus, samples r e q u i r e  convers ion  o f  o r g a n i c  carbon t o  carbon d i o x i d e ,  

and p u r i f i c a t i o n  o f  the  carbon d i o x i d e  f rom any contaminat ing  gas con- 

t a i n e d  i n  t h e  system. T h i s  i s  accomplished f o l l o w i n g  a procedure o u t l i n e d  

by Craig- 5/  , 

F i g u r e  1 

The s teps i n v o l v e d  i n  t h e  combustion o f  o r g a n i c  m a t t e r  a r e  i l l u s t r a t e d  

i n  F i g u r e  1. The o p e r a t i o n  s t a r t s  by p l a c i n g  t h e  sample- - i f  s o l i d - - i n  an 

alundum boat  i n  q u a n t i t i e s  s u f f i c i e n t  t o  p r o v i d e  about  10-15 cc o f  carbon 

d i o x i d e .  

b u s t i o n .  

i s  h a l f - f i l l e d  w i t h  copper ox ide .  

down t o  h i g h  vacuum, oxygen i s  admi t ted  and combustion c a r r i e d  o u t  t o  com- 

p l e t i o n  a t  temperatures i n  t h e  neighborhood o f  900" C. Dur ing combustion, 

t h e  generated gases a r e  c o n t i n o u s l y  r e c y c l e d  v i a  an e l e c t r i c a l l y  operated 

T o e p l e r  pump t o  secure a t o t a l  convers ion o f  carbon monoxide t o  carbon 

d i o x i d e ;  a n i t r o g e n  coo led  t r a p  prov ides a s imultaneous c o l l e c t i o n  o f  c a r -  

bon d i o x i d e .  

Carbonate-conta in ing samples r e q u i r e  a c i d i f i c a t i o n  p r i o r  t o  com- 

The boat  i s  subsequent ly p laced i n  a quartz-combust ion tube which 

A f t e r  t h e  system i s  c l o s e d  and pumped 
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Following a suggestion o f  Sackett and Thompsonz', the C02 i s  passed 

over hot (500" C )  manganese dioxide and copper to  remove contaminating 

sulfur and nitrogen oxides. 

dry ice and l iquid nitrogen, f inal ly  separates the carbon dioxide from 

any water or gas contaminant. 

be measured i n  a calibrated manometer, a f t e r  which the gas is  transferred 

t o  a sample tube and ready for mass spectrometer analysis. 

A set  of cooled t raps ,  f i l l e d  w i t h  acetone- 

The carbon dioxide yield can subsequently 

Where the sample i s  f l u i d ,  a variety of  techniques have been pro- 
5/ 18/ 19/ 20/ posed for the extraction of the carbon compounds- - - - . 

Mass spectrometer analysis 

The basic de ta i l s  of the commonly used mass spectrometer i n  s table  

isotope work have been described by Nier- 2/ . Improvements of the design- 3/ 

have increased the precision o f  the Nier instrument by more t h a n  50 per- 

cent. 

The instrument i s  a 60" sector-type mass spectrometer and contains 

a double collecting system. 

via a small gas leak i n t o  the mass spectrometer source which ionizes the 

gas to C02+. 

and focused along a single i o n  beam, have t o  pass t h r o u g h  a magnetic 

analyzer where they are separated according t o  t he i r  mass. 

ion-beams, upon h i t t i n g  a collector,  become neutralized. The e l ec t r i c  

current thereby released i s  electronically amp1 i f ied  and recorded on a 

potentiometer. 

The analysis s t a r t s  by feeding the C02 sample 

The ions, a f t e r  being accelerated i n  an e lec t ros ta t ic  f i e ld  

The resolved 

The Cl3/CI2 r a t i o  i s  determined by comparing mass 45 ( C  13 0 16 0 16 ) 

with mass 44 ( C  1 2  0 16 0 16 ) .  Variat ions i n  the mass 45/44 r a t i o  are  meas- 

ured re la t ive  t o  an isotopically known standard gas. Inasmuch as a 
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m a g n e t i c a l l y  operated v a l v e  i n l e t - s y s t e m  a l l o w s  a swi tchover  f rom t h e  

s tandard C02 t o  t h e  unknown C02 gas i n  a m a t t e r  o f  seconds, a r a p i d  com- 

p a r i s o n  o f  carbon i s o t o p e  r a t i o s  o f  bo th  gases under t h e  same mass spec- 

t r o m e t e r  source c o n d i t i o n s  i s  made p o s s i b l e .  

I s o t o p e  standards 

I n  t h e  l i t e r a t u r e ,  t h e  C13/C1’ r a t i o s  a r e  r e p o r t e d  i n  a number o f  

d i f f e r e n t  ways. T h i s  i s  u n f o r t u n a t e  because i t  makes i t  more d i f f i c u l t  

t o  compare t h e  r e s u l t s  o f  t h e  var ious  authors.  

most f r e q u e n t l y  used i n c l u d e  t h e  Stockholm, NBS ( N a t i o n a l  Bureau o f  

Standards) Nos. 20, 21, 22, Wel l ington,  Nier -Solenhofen 1 imestone, Basel, 

and PDB-Chicago standards.  

survey, i t  was decided t o  s e l e c t  t h e  most commonly used standard,  i .e . ,  

t h e  PDB-Chicago s tandard as a re fe rence scale.  

f e r e n t l y  have been a d j u s t e d  t o  the PDB standard u s i n g  t h e  a p p r o p r i a t e  

convers ion  factors=/ 15’ i n  o r d e r  t o  f a c i l i t a t e  comparison o f  pub1 ished 

i nformat ion .  

The r e f e r e n c e  scales 

I n  o rder  t o  be c o n s i s t e n t  th roughout  t h l s  

A l l  da ta  r e p o r t e d  d i f -  

TI- 
I I I C  --e r e p o r t e d  as &values,  which a r e  dev ia-  

t i o n s  i n  p a r t s  p e r  thousand ( p e r  m i l )  o f  t h e  C l 3 / C l 2  r a t i o s  o f  t h e  samples 

f r o m  t h a t  of t h e  C02 ob ta ined f r o m  t h e  belemni te  s tandard (Peedee Forma- 

t i o n ,  Upper-Cretaceous ¶ South Carol i n a )  , abbrev ia ted  PDB-standard, used 

by t h e  U n i v e r s i t y  o f  Chicago g r o u p  5/ a’. 6-values a r e  d e f i n e d  by t h e  

f o r m u l a :  

6C13 = (E -1)  x 1000 
RS 

R = C13/C1‘ r a t i o s  i n  t h e  sample 

RS 
= C 1 3 / C J 2  r a t i o  i n  t h e  s tandard 
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Appropriate corrections for  the OI7  contributions t o  the mass 45- 

beam, the mixing error  of smaple and standard a t  the analyzer tube i n l e t ,  

and the t a i l i n g  of the mass 44 peak under the mass 45 peak are commonly 

applieda'* The precision of t h e  reported analyses i s  2 0.2 per mil or 

better.  

Sample material 

This review i s  based on more t h a n  5000 carbon isotope d a t a  which have 

been largely obtained from the l i t e ra ture .  

t h a n  500 analyses are also included i n  the figures;  they have kindly been 

made available by K. 0. Emery, R.  L .  Guillard, J .  A. Hellebust, J .  M .  H u n t ,  

W .  M. Sackett, H .  G .  Truper, and S. W .  Watson. 

Unpublished resul ts  of  more 

The individual samples have been grouped i n t o  systematic classes of 

compounds and have been plotted in form of cumulative frequency diagrams 

( 2  sigma range) t o  summarize t h e  informations i n  a comprehensive form. 

The diagrams can be f o u n d  i n  t h e  appendix. 

Photosynthesis 

Essentially a l l  l i v i n g  matter i s  direct ly  (plants)  or indirectly 

(animals) a product of photosynthesis. 

s ider  the main avenues o f  carbon reduction d u r i n g  t h i s  process and  ear- 

Let us therefore, br ief ly  con- 

mark possible isotope fractionation barr iers .  

count on photosynthesis one may consult Calvin and Bassham-, 221 Bassham- 231 , 

and Bonner and Varner- . 

For a comprehensive ac- 

241 

1 .  Environmental effects  

Plants extract  inorganic carbon from two sources, ( 1  ) atmospheric 
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carbon dioxide, and ( 2 )  dissolved C02 and bicarbonate i n  the hydrosphere. 

Whereas ocean and atmosphere are close t o  isotopic equilibrium, fresh 

waters are generally i n  disequilibrium w i t h  a i r  C02 as a resul t  of exces- 

sive biogenic C02 contributionsg’ 26’ 3’ g! Consequently, the carbon 

i n  the atmosphere and  i n  fresh waters i s  generally enriched i n  C1’ r e la t ive  

t o  carbon in the marine envrionment. 

There i s  another isotope fractionation factor  which may further 

enhance the 6C13 gap  between te r res t r ia l  and marine organisms. I t  i s  

well established t h a t  i n  gas molecules the veloci t ies  o f  isotopic species 

a re  equal t o  the inverse square root of the molecular weights. 

bon dioxide we can write: 

For car- 

12 16 16  
13 16 16 

Velocity (C 0 0 ) - 

Velocity ( C  0 0 ) 

This implies t h a t  there are  1 .1  percent more frequent coll isions of mass 

44 C02 w i t h  a photosynthesizing leaf as compared w i t h  mass 45 C02 encounters. 

These fac ts  infer that  l and  plants may be substantially enriched i n  

C1’ re la t ive to  marine plants and preliminary d a t a  on the carbon isotope 

d i s t r i b u t i o n  i n  marine and te r res t r ia l  organisms seemed t o  support t h i s  

inference- . 51 Recently, however, more information on marine phytoplankton 
has become a v a i l a b l e  291 and there i s  no longer a difference recognizable 

i n  the 6C13 range of marine p l a n k t o n  and common land plants. 

the apparent C1‘ advantage of l and  plants, the new resul ts  represent a 

I n  view of 

major puzzle. 

Figure 2 
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It has been suggestedx '  t h a t  environmental  e f f e c t s  may account f o r  

29/ some o f  t h e  i s o t o p e  f r a c t i o n a t i o n s  observed i n  organisms. Recent data- 

showing pronounced d i f f e r e n c e s  between warm water  ( l o w  l a t i t u d e s )  and c o l d  

water  ( h i g h  l a t i t u d e s )  mar ine p lank ton  popu la t ions ,  u n d e r l i n e d  t h i s  idea. 

It may be i m p l i e d  t h a t  e i t h e r  d i f f e r e b e n c e s  i n  water  temperature,  l e n g t h  

o f  day, o r  i n  bo th  f a c t o r s  a r e  r e s p o n s i b l e  f o r  t h i s  phenomenon. 

I n  o r d e r  t o  t e s t  p o s s i b l e  e f f e c t s  o f  water  temperature and r e s p i r a -  

t i o n  c h a r a c t e r i s t i c s  on t h e  C13/C1' r a t i o  o f  mar ine p l a n t s ,  t h e  carbon 

i s o t o p e  f r a c t i o n a t i o n  p a t t e r n  o f  1 a b o r a t o r y  c u l t u r e d  p lank ton ,  grown under 

31 / c o n t r o l  1 ed env j  ronmental c o n d i t i o n s  , was determined- . P1 ants  k e p t  i n  

darkness f o r  a few days change i s o t o p i c a l l y  by as m x h  as 5 p e r  m i l  

( F i g u r e  2 ) .  Concerning water  temperature, a 7 p e r  m i l  d i f f e r e n c e  was 

n o t i c a b l e  between c u l t u r e s  grown a t  10" and 30" C. 

C02 was admi t ted  i n  l a r g e  q u a n t i t i e s  t o  a growing p l a n t  popu la t ion ,  

r e s u l t i n g  i n  a l o w e r i n g  o f  t h e  pH t o  about 6. I n  t h i s  case no tempera- 

t u r e  e f f e c t s  were n o t i c a b l e  - and t h e  i s o t o p e  va lues a t  a l l  temperature 

l e v e l s  corresponded t o  those found i n  p l a n k t o n  o f  c o l d  water  environments. 

These r e s u l t s  were t e n t a t i v e l y  i n t e r p r e t e d  t o  mean t h a t  i n  n a t u r a l  h a b i t a t s  

c o l d  water  mar ine  p l a n k t o n  u t i l i z e  l a r g e l y  f r e e  C02, whereas warm water  

p l a n k t o n  p r e f e r  a C1 enr iched b icarbonate  source. 

I n  one exper iment,  

F i g u r e  3 

I t i s  t o o  e a r l y  t o  e l a b o r a t e  more e x t e n s i v e l y  on o t h e r  p o s s i b l e  

env i ronmenta l  e f fects .  The pub l ished i s o t o p e  r e c o r d  i s  t o o  scanty  y e t .  
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2.  Metabolic effects  

The f i r s t  reaction of carbon dioxide reduction in photosynthesis 

i s  a carboxylation reaction involving ribulose-1 , 5-diphosphate and 

3-phosphoroglyceric acid. 

sugars takes place and the monosaccharide conversion via phophorylated 

derivatives will proceed. The available data suggests, t h a t  a subsequent 

polysaccharide synthesis from mixtures of sugar nucleotides will n o t  

resu l t  in a s ignif icant  rearrangement of the individual carbon skeletons. 

From here a stepwise formation of various 

Let us now examine the carbon isotope relationship in th i s  portion 
11/ 12/  of the photosynthetic carbon reduction cycle. Park  and Epstein- - 

have shown t h a t  the enzymatic C02 f ixation leading t o  PGA i s  accompanied 

by a ma#. 17 per mil enrichment in C1’. 

a t i o n  step i s  the major metabolic effect  controlling the carbon isotope 

composition of the plant as a whole. 

f o r  the chloroform-extractable l ipids , no other major biochemical com- 

They concluded t h a t  t h i s  carboxyl- 

I t  was fur ther  suggested t h a t  except 

ly different from the total  plant. Based on 

fferent carbohydrates in an organism may show 

enrichment re la t ive t o  the s tar t ing C02. 

e ,  total  sugars 

pound i s  labeled isotopica 
work by Degens e t  a1.- 32/ d 

1 2  different  degrees of C - 
A1 though individual sugars 

a re  isotopically identical 

are spread over a wide 6C13  ran 

to  the plant as a whole. 

The biosynthesis of amino acids follows a rather comp 

Principally,  intermediates o f  the glycolytic pathway (e.g. 

pyruvate, pyruvate) and the tricarboxylic acid cycle (e.g. 

ex pattern. 

phosphoenol- 

a-ketogl utarage, 

oxalacetate, glyoxalate) supply the necessary carbon skeletons from which 

by reductive amination or transamination, amino acids a r i se ,  I n  view of 
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t h e  numerous ways a t  which carbon can be arranged i n  t h e  TCA - c y c l e ,  

t h e r e  i s  ample o p p o r t u n i t y  o f  carbon i s o t o p e  f r a c t i o n a t i o n .  

D i f f e r e n c e s  i n  6C13 between t h e  va r ious  amino ac ids  i n  a p r o t e i n  

hyd ro l yza te  a r e  v i v i d l y  d i sp layed  i n  a s tudy  by Abelson and Hoering- 13/ . 
The i n t e r n a l  6CJ3 v a r i a t i o n s  cover a range o f  about 17 p e r  m i l .  

en r i ched  i n  C13 a r e  se r ine ,  th reon ine ,  g l y c i n e  and a s p a r t i c  ac id ,  whereas 

t h e  l e u c i n e s  and aromat ic  amino ac ids  c o n t a i n  more C12. 

i cance i s  t h e  obse rva t i on  t h a t  t he  carboxy l  f u n c t i o n s  o f  amino ac ids  a r e  

g e n e r a l l y  en r i ched  i n  C13 by as much as 20 pe r  m i l  r e l a t i v e  t o  t h e  remainder 

o f  t h e  molecule.  

t i o n  o f  i s o t o p e  da ta  f rom anc ien t  sediments. The i n t e r n a l  i s o t o p e  

f l u c t u a t i o n s  i n  t h e  amino a c i d s  i s  n o t  r e f l e c t e d  i n  t h e  6C13 o f  t h e  t o t a l  

p r o t e i n  which a c t u a l l y  e x h i b i t s  t h e  same 6C13 con ten t  ab t h e  assoc ia ted  

carbohydra te  f r a c t i o n .  Th is  i m p l i e s  t h a t  under c o n d i t i o n s  o f  steady photo- 

syn thes i s ,  t h e  m a t e r i a l  balance\rof carbon i so topes  w i l l  always remain a 

cons tan t ;  i n  most ins tances ,  the cons tan t  w i l l  be determined a t  t h e  RuDP- 

PGA b a r r i e r .  

Most 

O f  f u r t h e r  s i g n i f -  

Th i s  c h a r a c t e r i s t i c  has g r e a t  importance i n  t h e  evalua- 

L i g n i n  i s  a ma jor  biochemical  compound i n  h i g h e r  p l a n t s ,  b u t  s imp le  

i n te rmed ia tes ,  e.g. hydroxybenzoic ac ids ,  a r e  known from many p r i m i t i v e  

organisms. The t h e o r y  has been advanced t h a t  c e r t a i n  c innamic a c i d : ' d e r i v a -  

t i v e s  a r e  c l o s e l y  l i n k e d  w i t h  the  r e s p i r a t i o n  o f  t h e  c e l l ,  i n s t e a d  o f  be ing  

o n l y  phys i ca l  impregnat ions o f  t h e  ma tu r ing  c e l l .  

a l l  phenylpropanoid compounds i s  e i t h e r  pheny la lan ine  o r  t y r o s i n e .  Since 

these two amino ac ids  belong t o  t h e  ones most en r i ched  i n  C I 2 ,  t h i s  char-  

a c t e r i s t i c  w i l l  be r e f l e c t e d  i n  t h e  l i g n i n  f r a c t i o n ,  

l i g n i n  f r a c t i o n  o f  a p l a n t  represents  50 pe rcen t  o r  more o f  t h e  t o t a l  

The s t a r t i n g  p o i n t  of  

O f  co(crse, i f  t h e  
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o r g a n i c  m a t t e r ,  t h e  i s o t o p e  d i f f e r e n c e  t o  t h e  o t h e r  b iochemicals  p resent  

w i l l  be reduced f o r  reasons of m a t e r i a l  balance. 

The s y n t h e s i s  o f  l i p i d  compounds i n v o l v e s  t h e  oxydat ion  o f  pyruvate  

t o  a c e t y l  coenzyme A and carbon d iox ide .  From a c e t y l  CoA t h e  f o r m a t i o n  

o f  t h e  v a r i o u s  l i p i d s  proceeds. 

ga tors ,  e e g e -  ”/ 12/ 15’ t h a t  l i p i d  m a t e r i a l s  t e n d  t o  be enr iched i n  C 

It has been demonstrated by many i n v e s t i -  
12 

by severa l  p e r  m i l  r e l a t i v e  t o  the p l a n t  o r g a n i c  m a t t e r  as a whole. 

33/ Parke? has extended t h i s  knowledge by showing t h a t  t h e  maximum f r a c t i o n a -  

t i o n  between t h e  i n d i v i d u a l  f a t t y  a c i d s  o f  an organism can amount t o  4 p e r  

m i l ,  and t h a t  d i f f e r e n t  organisms d i s p l a y  v a r i o u s  orders  o f  C1* enr ichment 

i n  l i p i d s ,  i . e .  about 4 t o  15 p e r  m i l  r e l a t i v e  t o  t h e  t o t a l  p l a n t .  

There i s  another  i n t e r e s t i n g  aspect  o f  l i p i d  i s o t o p e  chemis t ry  wor th  

It was observedfi’ 29/ x ’ t h a t  an inc rease i n  l i p i d s  r e s u l t s  ment ion ing.  

i n  a l o w e r i n g  of t h e  6C13 d i f f e r e n c e  between l i p i d  f r a c t i o n  and t o t a l  

p l a n t .  T h i s  i s  p robab ly  l i n k e d  t o  t h e  g l y o x y l a t e  c y c l e  which i s  r e s p o n s i b l e  

f o r  t h e  convers ion  o f  l i p i d s  t o  carbohydrates.  

The major  s teps o f  carbon iso tope f r a c t i o n a t i o n  d u r i n g  photosynthes is  

a r e  enumerated below. The Roman numerals I t o  VI1 i n d i c a t e  t h e  p o s i t i o n s  

where t h e  p r i n c i p a l  f r a c t i o n a t i o n  b a r r i e r s  e x i s t  (numbers i n  paren thes is  

r e f e r  t o  t h e  maximum f r a c t i o n a t i o n  i n  t e r m s  o f  S C  13 
) :  

I. Inorgan ic -organ ic  boundary e f f e c t s  

11. Carboxy la t ion  a t  the RuDP-PGA-level 

(up take  o f  C02 by t h e  p l a n t  cytoplasm) 

111. Sugar i n t e r c o n v e r s i o n s  

I V .  Amino a c i d  in te rconvers ions  

V. R e s p i r a t i o n  

V I .  F a t t y  a c i d  i n t e r c o n v e r s i o n s  

V I I .  L ip id -carbohydra te  conversions 

( 7 )  



1 2  

Reference body i s  sea water bicarbonate or atmospheric C02. A 

change in 6C13 a t  step I i s '  largely a function of environment (water vs. 

a i r ) ,  and i n  the case of marine plants i t  i s  further controlled by water 

temperature. The t o t a l  6C13 range o f  step I1 i s  17 units.  This represents 

the maximum fraqtionation a t  the ribulose-1 , 5-diphosphate/3-phosphoro- 

glyceric acid levelll-/ A brief outline of the photosynthetic carbon 

fractionation a t  steps three to  six has already been presented i n  our  

discussion. I t  i s  noteworthy t h a t  the 6C13 i n  cellulose and lignin wi l l  

remain unaltered since these compounds do not participate act  

the metabolic turnover of carbon. The glyoxylate cycle (s tep 

counteracts the C 1 2  -enrichment introduced d u r i n g  respiration 

formation, by converting fatl; i n t o  carbohydrates. 

homogenization may be accomplished v i a  the glycolytic pathway 

A fur ther  

vely i n  

V W ,  
and l i p  

sotope 

d 

which involves 

the degradation of hexose to  pyruvate (pentose shunt pathway), or v i a  the 

tr icarboxylic acid cycle which acts as an incinerator for carbon skeletons. 

As a consequence of these e f fec ts ,  6C13 differences between coexisting 

biochemical compounds become 1 ess pronounced. 

Finally, the sum of  the 6C13 drops across the various barriers must 

be matched by an increase i n  6C13  a t  some other points. Zero potential 

i s  obtained under steady s t a t e  photosynthesis by translocation of C02 dur -  

i n g  assimilation, and  the removal of  C02 during respiration; the C02 hereby 

released from the system i s  enriched i n  6C . 13 

Figures 4 and 5 

r 
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The i s o t o p e  composi t ion i n  var  ous types o f  l i v i n g  m a t t e r  have been 

summarized i n  F igures  4 and 5. The diamond-shaped f i g u r e s  represent  t h e  

1 sigma va lues  and a r e  ob ta ined from t h e  more d e t a i l e d  diagrams i n c l u d e d  

i n  t h e  appendix. 

S tud ies  on some mar ine chemautotrophs have i n d i c a t e d g ’  t h a t  they  

t o o  f o l l o w  t h e  r e d u c t i v e  pentose phosphate c y c l e .  

and energy i s  s o l e l y  carbon d i o x i d e  and ammonia, r e s p e c t i v e l y .  Inasmuch 

as these organisms a r e  g e n e r a l l y  cons idered t h e  most p robab le  p recursors  

o f  p h o t o s y n t h e t i c  p l a n t s ,  t h e i r  i n t e r e s t  f o r  biogeochemical s t u d i e s  i s  

apparent.  

astounding; t h e r e  i s  about t w i c e  t h e  f r a c t i o n a t i o n  g e n e r a l l y  observed i n  

common mar ine p l a n t s .  

a c t e r i  s t i c .  

T h e i r  source o f  carbon 

The degree o f  C1’-enrichment i n  these n i t r i f y i n g  b a c t e r i a  i s  

We p r e s e n t l y  do n o t  know t h e  reason f o r  t h i s  char-  

I n  c o n t r a s t ,  mar ine s u l f a t e  reducers,  grown on y e a s t  and sodium 

l a c t a t e ,  a r e  i s o t o p i c a l l y  o n l y  s l i g h t l y  d i f f e r e n t  f rom t h e i r  carbon sub- 

s t r a t e  (F ig .  5 ) .  Kaplan and R i t t e n b e r g z ’ ,  i n  r e l a t i n g  t h e  f r a c t i o n a t i o n  

e f f e c t s  t o  t h e  carboxy l  f u n c t i o n  o f  l a c t a t e ,  observe a p r e f e r e n t i a l  f i x a -  

t i o n  o f  C1* i n  s u l f a t e  reduc ing  b a c t e r i a  by a few p e r  m i l .  

ISOTOPE DISTRIBUTION I N  SEDIMENTS 

Recent sediments 

Organic m a t t e r  i n  r e c e n t  sediments has about t h e  same i s o t o p i c  com- 

p o s i t i o n  as t h e  organisms l i v i n g  i n  t h e  environment o f  d e p o s i t i o n .  

mean 6C13 o f  f r e s h  water  sediments amounts t o  -25, whereas mar ine muds 

a r e  g e n e r a l l y  5 p e r  m i l  heav ie r .  Only  t h e  sediments depos i ted  i n  r i v e r  

e s t u a r i e s  show a t e r r e s t r i a l  i n f l u e n c e  and 6C13 gradat ions  can f r e q u e n t l y  

The 
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be observed. 

t h e  6C13 i n  near-shore sediments f rom t h e  M i s s i s s i p p i  Sound area i s  pre-  

To i l l u s t r a t e  t h e  type o f  g r a d a t i o n  p a t t e r n  t h a t  may occur,  

F i g u r e  6 

sented i n  F i g u r e  6. 

d i s t a n c e  f rom t h e  shore l i n e  can e i t h e r  be a t t r i b u t e d  t o  t h e  l e s s e r  i n f l u -  

ence o f  l a n d  d e r i v e d  o r g a n i c  d e t r i t u s ,  o r  t h e  d i m i n i s h i n g  e f f e c t  o f  l i g h t  

f r e s h  water  b icarbonate.  

The systemat ic  decrease i n  C12 w i t h  i n c r e a s i n g  

I n  comparing deep sea sediments w i t h  shB’Ef-deposi ts,  t h e  s i m i l a r i t y  

i n  6C13 va lues  i s  s t r i k i n g  and can o n l y  mean t h a t  c o n t r i b u t i o n s  o f  o r g a n i c  

d e b r i s  f rom l a n d  a r e  o f  minor  s i g n i f i c a n c e  as soon as we l e a v e  t h e  immedi- 

a t e  env i rons  o f  t h e  r i v e r  i n l e t s ,  ( F i g .  7 ) .  

B a c t e r i a l  p o p u l a t i o n s  and burrowing organisms w i l l  n o t  g r o s s l y  mod i fy  

t h e  6C13 o f  r e c e n t  sediments. 

m e t a b o l i c  waste products ,  some o f  which subsequent ly g i v e  r i s e  t o  s o - c a l l e d  

humic m a t e r i a l s .  These compounds, however, a r e  i s o t o p i c a l l y  n o t  w i d e l y  

remote f rom t h e  o r i g i n a l  b iochemicals .  Dur ing t h e  process o f  fermenta- 

ti on and decomposi t ion,  carbon d i o x i d e  and methane o f  w i d e l y  d i f f e r e n t  

i s o t o p i c  compos i t ion  a r e  p r o d u c e d E i  t h e  i s o t o p e  r e l a t i o n s h i p s  d i s p l a y e d  

i n  such a system a r e  i l l u s t r a t e d  i n  F i g u r e  17 (see appendix) .  

O f  course, t h e i r  a c t i v i t i e s  w i l l  r e s u l t  i n  

I n  conc lus ion ,  t h e  6C13 i n  r e c e n t  sediments i s  compat ib le  w i t h  t h e  

genera l  b i o l o g i c a l  and g e o l o g i c a l  v i e w p o i n t  t h a t  t h e  b u l k  o f  t h e  o r g a n i c  

d e b r i s  conta ined i n  sedimentary depos i ts  i s  d e r i v e d  f rom t h e  l o c a l  
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b i o l o g i c a l  popu la t ions .  C o n t r i b u t i o n s  o f  f r e s h  water  o rgan ic  m a t t e r  t o  

mar ine environments a r e  neg l igab le ,  and s u b s t a n t i a l l y  r e s t r i c t e d  t o  t h e  

smal l  amounts o f  adsorbed organics on d e t r i t a l  c l a y  minera ls .  

Anc ien t  sediments 

A f t e r  t h e  major  n u t r i e n t s  such as p r o t e i n s  o r  n o n - c e l l u l o s i c  c a r -  

bohydrates a r e  e l i m i n a t e d  from sediments l a r g e l y  by a c t i o n  o f  mic ro-  

organisms o r  bur rowing  animals,  the f u r t h e r  d i a g e n e t i c  degradat ion  o f  

o r g a n i c  m a t t e r  i s  t h a t  o f  a s low i n o r g a n i c  matura t ion .  T h i s  process 

e s s e n t i a l l y  i n v o l v e s  t h e  r e d u c t i o n  i n  f u n c t i o n a l  groups, b reak ing  o f  

carbon-carbon bonds, and a r e o r g a n i z a t i o n  o f  t h e  r e s u l t i n g  r e a c t i o n  pro-  

duc ts .  Given s u f f i c i e n t  t ime, a l l  f o s s i l  o r g a n i c  m a t t e r  w i l l  e v e n t u a l l y  

end up as C02, methane, and g r a p h i t e .  

what does t h i s  t r e n d  mean f o r  t h e  carbon i s o t o p e  composi t ion i n  t h e  

v a r i o u s  i n t e r m e d i a t e  compounds? 

The q u e s t i o n  immediate ly  a r i s e s :  

I t  i s  w e l l  es tab l i shed,  e.9.X’  t h a t  t h e  s u b s t i t u t i o n  o f  a heavy 

f o r  a l i g h t  i s o t o p e  lowers t h e  v i b r a t i o n a l  f requenc ies  and t h e  zero  p o i n t  

energy o f  a chemical bond. Consequently, t o  break a C1‘-C1’ bond should 

r e q u i r e  l e s s  energy than t o  p a r t  a C13-C1’ bond. Since energy d i f f e r e n c e s  

become more e f f e c t i v e  as t h e  carbon-carbon bond d i s s o c i a t i o n  energy i n  

o r g a n i c  molecules decreases, t h e  e x t e n t  o f  carbon i s o t o p e  f r a c t i o n a t i o n  

w i l l  depend on t h e  t e r m i n a l  bond d i s s o c i a t i o n  energ ies and t h e r e f o r e ,  

v a r y  a c c o r d i n g l y .  

Other  f a c t o r s  i m p o r t a n t  i n  the d i a g e n e t i c  f r a c t i o n a t i o n  o f  carbon 

i s o t o p e s  i n c l u d e  t h e  p r e f e r e n t i a l  e l i m i n a t i o n  o f  C13-r ich compounds such 

as p r o t e i n s  o r  carbohydrates i n  the e a r l y  stages o f  d iagenesis .  

more, a d e c a r b o x y l a t i o n  w i l l  cause a l o w e r i n g  o f  t h e  C13-content i n  t h e  

F u r t h e r -  
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organic residue, while a C13-enriched C02 i s  simultaneously released. 

And f i na l ly ,  isotope exchange reactions, for  instance, between carbon 

dioxide and methane, may produce fractionation effects .  The isotopic 

equilibrium constants for  such simple systems can be calculated by means 
of spectroscopical d a t a  and  techniques of s t a t i s t i c a l  mechanics, e.g. - 51 

141 37/ - -  

1 .  Coal 

Coal i s  a product of former plant debris t h a t  has undergone severe 

physical and chemical a1 teration t h r o u g h o u t  geological history. For 

chemical-structural reasons, lignin is  regarded the predominant biochemical 

s ta r t ing  material fo r  a l l  coals. In essence, the b u l k  o f  the carbon is  

organized in aromatic nuclei w h i c h  contains mainly benzene, naphthalene, 

diphenyl , and phenanthrene, o r  their  multiples. A substantial fraction 

of the non-aromatic carbon i s  arranged i n  hydroaromatic rings. 

Figure 8 
~~~ ~~ ~ 

In view of the extensive diagenetic a l te ra t ion ,  i t  i s  quite remark- 

able,  t h a t  t h i s  process has n o t  l e f t  any recognizable imprint i n  the 

6C13 of various coals. 

composition, degree of coalification, and geologic age of the coals ( F i g .  

8 ) .  

There i s  absolutely no correlation between isotopic 

51 The data f a l l  close t o  the mean of wood 6C13 of -25 per mil , e.g.- 

- -  38’ 39/. I t  appears, therefore, reasonable t o  assume t h a t  no isotopic 

fractionation occurs during diagenesis, and  t h a t  the former l a n d  plants 

had essent ia l ly  the same isotopic composition as modern wood specimens. 

To fur ther  under1 ine th i s  concepticon , 6C1 data on thermo-metamorphosed 

Tert iary coals are presented i n  Figure 9. 
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Figure 9 

Gases, t h a t  have been generated during the coalification include 

principally methane and carbon dioxide. Relative to  coal, methane i s  

highly enriched in C 1 2 ,  i n  contrast t o  C02 which contains more CI3 .  I n  

view of the uniform carbon isotope dis t r ibut ion i n  coals of a l l  ranks, 

types, and ages, one has t o  assume t h a t  the isotopic composition of the 

aromatic coal structure i s  inherited w i t h o u t  isotopic fractionation from 

former 1 i g n i n  precursors. I t  also imp1 ies  t h a t ,  whatever happens during 

coal ificatl’on, particularly in terms of C02 and methane production, the 

enrichment i n  C13  i n  one compound must be matched by a decrease i n  C1* i n  

the other. 

2.  Petroleum and gases 

Most crude o i l  reservoirs occur i n  sediments which were deposited 

under marine conditions. This was generally interpreted t o  mean, t h a t  

marine organisms represent the principal source for petroleum. W i t h  the 

advance of carbon isotope biogeochemistry, t h i s  geologically reasonable 

interpretation was p a r t l y  abandoned in favor  of  a new hypothesis which 

assumes large contributions o f  organic matter from land. In  the follow- 

i n g  discussion, however, we will present isotope information that  agrees 

w i t h  well-rooted principles o f  geology, i .e. sC13-values are constant 

w i t h  a marine origin fo r  most petroleum occurences. 

Figure 10 
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In th i s  connection, a comparison of present-day marine p lank ton  and 

crude o i l  i s  quite revealing. Analogous t o  the coal-wood relationships, 

there is  principally no isotope difference established between petroleum 

and i t s  proposed biological source ( F i g .  1 0 ) .  The range of a l l  crude o i l s  

i s  identical t o  the range observed in marine plankton. 

so, i f  one considers l ip id  compounds as a major precursor of hydrocarbons. 

Recent biological hydrocarbons and f a t t y  acids obtained from marine p l a n k t o n  

(Blumer, pers. communication) fa l l  i n  the 6C13 range of  -25 t o  -26,  which 

is  exactly the mean of a l l  crude o i l s .  

This i s  particularly 

An interesting age relationship can be recognized. This phenomenon, 

of course, may partly be due to  biassed sampling, b u t  the pattern exhibits 

some sort of  trend which may be related t o  biogeochemical processes. 

have previously seen t h a t  water temperature and respiration characterist ics 

control the carbon isotope composition of marine p l a n k t o n .  The isotope 

uariations observed i n  Figure 10 may thus be simply a function of paleo- 

temperature fluctuations or  perhaps due t o  changes i n  the length of day 

d u r i n g  earth history. There i s  an a1 ternative interpretation. Inasmuch 

a s  the proportions of the various dissolved carbonate species in the sea 

are  pH dependant, even a s l i gh t  change i n  the atmospheric C02 pressure will 

We 

be reflected i n  the HC03-+C03-l+ dissolved C02 re1 ationships establ i shed 

i n  the ocean. 

C02, bicarbonate, or a mixture of both. One may tentatively suggest t h a t  

a t  low pH, dissolved C02 i s  the pr inc ipa l  inorganic carbon extracted d u r -  

i n g  photosynthesis, whereas a t  high pH bicarbonate or perhaps C03-' will 

be u t i l i zed .  

Consequently, phytoplankton may u t i l i z e  e i ther  dissolved 

The maximum 6C13 differences would amount t o  7 per mil. 
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The p r i m a r y  f a c t o r s  t h a t  c o n t r o l  t h e  i s o t o p i c  carbon v a r i a t i o n  i n  

n a t u r a l l y  o c c u r i n g  gases l i b e r a t e d  f rom o r g a n i c  m a t t e r  i s  determined by 

t h e  s t r e n g t h  o f  thermina l  carbon-carbon bonds, t h e  d i a g e n e t i c  temperature,  

100" c. 

Y, 60 

CH4 

and t h e  m a t u r i t y  o f  t h e  parent  mater ia l -  16/ . A t  temperatures below 

t h e  carbon i s o t o p e  f r a c t i o n a t i o n s  i n  methane a r e  cons iderab le  name 

t o  80 p e r  m i l ;  these va lues are  i n  t h e  same range as t h e  b a c t e r i a l  

f r a c t i o n a t i o n  da ta  ob ta ined d u r i n g  t h e  f e r m e n t a t i o n  o f  methanol- 40/ 

I n t e r p r e t a t i o n s  o f  carbon i s o t o p e  va lues i n  methane, however, a r e  com- 

p l i c a t e d  by t h e  f a c t  t h a t  t h e  gas may i s o t o p i c a l l y  e q u i l i b r a t e  w i t h  C02 

which commonly i s  h i g h l y  enr iched i n  C13. The i s o t o p e  exchange r e a c t i o n  

can be w r i t t e n :  

C 12 0 2 + C  13 H4 e C 13 0 2 + C  12 H4 

F o l l o w i n g  equat ions developed by Craig/ ,  and assuming t h a t  i s o t o p e  

e q u i l i b r i u m  i s  e s t a b l i s h e d  i n  t h i s  system, e f f e c t i v e  temperatures can be 

computed. S ince t h e  k i n e t i c s  o f  t h i s  exchange a r e  unknown, e q u i l i b r i u m  
18/ 41/ 42/ c o n s i d e r a t i o n s  a r e  v e r y  d i f f i c u l t ,  e.g.- - - . 

I n  conc lus ion ,  t h e  carbon i s o t o p e  d a t a  i n  crude o i l s  a r e  c o n s i s t e n t  

w i t h  t h e  g e o l o g i c a l  consensus t h a t  t h e  b i o l o g i c a l  source m a t e r i a l  f o r  

pe t ro leum i s  predominant ly  o f  marine o r i g i n .  Age d i f f e r e n c e s  a r e  a t t r i b u t e d  

t o  a number o f  in f luences  which i n c l u d e  f l u c t u a t i o n s  i n  water  temperature,  

p h o t o s y n t h e t i c  C02 f i x a t i o n  mechanisms, o r  pH e f f e c t s .  

o f  i n c r e a s i n g  p a r a f f i n i c i t y  w i t h  depth o f  b u r i a l  o r  t ime, may a l s o  be 

The general  t r e n d  

r e s p o n s i b l e  f o r  some of t h e  v a r i a t i o n  i n  6C13. The 6C13 i n  methane and 

C02 l i b e r a t e d  i n  t h e  course o f  petroleum fo rmat ion ,  c o a l i f i c a t i o n ,  o r  

kerogen isa t ion ,  i s  dependant on r e a c t i o n  r a t e  d i f f e r e n c e s  and i s o t o p e  ex- 

change equi  1 i b r i  a * 
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3. Kerogen 

Most fossi l  organic matter i s  found  i n  shales, s l a t e s ,  and schis ts .  

The quantity carried in sandstones and limestones i s  comparatively small. 

In  unmetamorphosed sediments, the term kerogen i s  frequently used for  the 

bulk of the finely disseminated organic matter insoluble i n  organic 

solvents; in metamorphosed sediments, the organic compounds are more com- 

monly named graphite. 

Chemically, kerogen appears t o  be a denatured form of humic acid. 

The loss in oxygen and nitrogen, and the gain in carbon when compared t o  

humic acids can essent ia l ly  be linked t o  dehydration, decarboxylation, 

loss  o f  methoxyl and carbonyl groups, and deaminiation phenomena. Due t o  

the resulting increase i n  aromatic structures,  kerogen becomes similar t o  

coal, and in the final stage, the organic residue will resemble graphite, 

Figure 11 
~ 

The carbon isotope composition of  a l l  ancient sediments of fresh water 

and marine origin i s  close t o  -26, except for  early Precambrian samples 

t h a t  show more negative 6C13 values (Fig. 1 1 ) .  

t ha t  environmental conditions i n  Precambrian time were somewhat different  

This relationship may mean 

from those established during l a t e r  geological periods. I n  t h i s  connection, 

i t  i s  noteworthy t h a t  marine chemautotrophs exhibit the same degree of 

C13/C’2 difference t o  phytoplankton, as Precambrian rocks show t o  Paleozoic 

and younger sediments. 

1 i kely precursors of photosynthetic plants, 6C13 differences between Pre- 

cambrian and younger rocks may possibly be explained th i s  way. 

instances,  however, any of these tentative interpretations are highly specu- 

Since these chemautotrophs are considered the most 

I n  a l l  

l a t i v e  and therefore should be taken cum grano s a l i s .  



I t  was mentioned prev 

wide 6C13 range. Actually 
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ously t h a t  marine l ipids  are spread over a 

however, s ignif icant  6C13 differences t o  the 

organism as a whole are only found  i n  those cases, where the l i p i d  content 

i s  small. Since i n  general marine p l a n k t o n  has a h i g h  f a t  content (about 

20 t o  40 percent), isotope differences t o  the total  p l a n k t o n  become small 

f o r  reasons which have previously been outlined. In  t h i s  manner, the 

observation of Eckelman e t  a 1 . 3 ’  and Krejci-Graf and Wickmans’, who 

f o u n d  that  crude o i l s  and t he i r  associated shales have essent ia l ly  the 

same isotopic composition, may f i n d  i t s  explanation. 

S imi la r  t o  coals, the finely disseminated organic matter i n  sediments 

appears t o  be isotopically unaffected in the course of diagenesis once the 

ear ly  microbiological stage has passed. 

the isotope pattern of the carbonaceous material i n  a significant way a s  

metamorphosed and unmetamorphosed 

Even metamorphosis does not change 

dentical samples and settings- 6 /  %/ 
was clearly demonstrated i n  studies on 

sediments from otherwise geologically 
- 45/ 

PRIMORDIAL CARBON 

Igneous rocks 

There are several ways to  obtain information on the 6C13 of  primordial  

t e r r e s t r i a l  carbon. One approach i s  a study of carbon associated w i t h  

igneous rocks. The other alternative involves a comparison o f  the 6C13 in 

gases associated w i t h  thermal areas. In d o i n g  so, a controversial picture 

i s  obtained ( F i g .  1 2 ) ,  

-4 t o  -8, whereas another se t  o f  data indicates a 6C13  of a b o u t  -23 for 

the primordial carbon isotope compbsition. 

Namely, one s e t  of data suggests a 6C13 of  abou t  

However, the basal t s ,  on which 
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t h e  f i g u r e  o f ' - 2 3  was obta ined,  a re  p o s s i b l y  contaminated w i t h  b i o g e n i c  

carbon ' .  Therefore,  an independant check by another  method i s  adv isab le .  

Table 1 
~~~ ~~~~ 

I n  Table 1, t h e  carbon conten t  i n  v a r i o u s  b i o l o g i c a l  and g e o l o g i c a l  

13 m a t e r i a l s  i s  presented t o g e t h e r  w i t h  t h e i r  mean 6C . 
l imestones and shales r e p r e s e n t  the  o n l y  ma jor  exogenic s i n k s  which t a k e  

c a r e  o f  magmatic carbon re leased d u r i n g  e a r t h  h i s t o r y .  

p r o p o r t i o n s  o f  carbonate and shale carbon i n t o  c o n s i d e r a t i o n ,  one can e a s i l y  

e s t i m a t e  t h e  6C13 o f  t h e i r  common source. 

PDB s tandard i s  obta ined.  

es t imates  which a r e  based on t h e  r e l a t i v e  abundance o f  shales,  l imestones 

and sandstones, and t h e  geochemical carbon balance (Tab le  1 ) , a 6C13 o f  -23 

f o r  magmatic carbon as i n f e r r e d  from b a s a l t s  becomes r a t h e r  u n l i k e l y .  

Ins tead,  c a r b o n a t i t e s ,  c e r t a i n  g raph i tes ,  diamonds, and carbon d i o x i d e  f rom 

thermal  areas appear t o  be t h e  c l o s e s t  r e p r e s e n t a t i v e s  o f  magmatic carbon 

( F i g .  12) .  

It i s  apparent t h a t  

Tak ing t h e  r e l a t i v e  

A 6C13 va lue  o f  -7 r e l a t i v e  t o  

I n  view o f  t h e  c l o s e  agreement between g e o l o g i c a l  

F i g u r e  12 
~ 

~~~ 

Un fo r tunate ly ,  l i t t l e  i s  known on t h e  carbon i s o t o p e , d i s t r i b u t i o n  i n  

magmatic rocks,  and s t u d i e s  i n  t h i s  d i r e c t i o n  a r e  wor th  pursu ing.  For 

ins tance,  g r a n i t e s  a r e  supposed t o  have formed by c r u s t a l  m e l t i n g  ( a n a t e x i s )  ; 

i f  sediments have been g r a n i t i z e d  t h i s  way, t h i s  c h a r a c t e r i s t i c  may s t i l l  

be r e f l e c t e d  i n  t h e  o f  carbon i n  g r a n i t e .  
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M e t e o r i t e s  

M e t e o r i t i c  carbon f a l l s  i n t o  t h r e e  d i s c r e t e  groups, y e t  a c e r t a i n  

t r e n d  i s  n o t i c e a b l e  ( F i g .  13)  i . e ,  t h e  m a t e r i a l s  most enr iched i n  carbon 

50/ "I. Carbonaceous c h o n d r i t e s  have i n  genera l  t h e  h i g h e s t  6C values- - 

(Type I )  have a mean 6C13 t h a t  corresponds w i t h  t e r r e s t r i a l  magmatic c a r -  

bon, whereas ndrmal c h o n d r i t e s  f a l l  i n t o  t h e  range o f  l a n d  p l a n t s .  

13 

F i g u r e  13 

I n  f o l l o w i n g  a concept developed by Masons' and o thers ,  i t  i s  con- 

c e i v a b l e  t h a t  carbonaceous chondr i tes  (Type I )  represent  p r i f n i  t i v e  m a t e r i -  

a l s ,  perhaps aggregates o f  d u s t  f rom t h e  p r i m o r d i a l  s o l a r  nebula, f rom 

which o t h e r  c h o n d r i t e s  were formed by a thermal metamorphism. 

r e s u l t  i n  p a r t i a l  o r  complete l o s s  o f  v o l a t i l e  compounds and a l o w e r i n g  

T h i s  would 

i s o t o p e  f r a c t i o n a -  o f  t h e  carbon conten t .  Such a l o s s  may be 

t i o n  o f  t h e  k i n d  observed i n  F igure  13. 

I n  t h i s  contex t ,  t h e  observa t ion  by C 
1 9  

accompan 

ayton- 52/ 

ed by 

show ng an about 60 

p e r  m i l  enr ichment i n  C "  i n  m e t e o r i t i c  do lomi tes  over  t h e  assoc ia ted  

o r g a n i c  carbon, i s  q u i t e  r e v e a l i n g .  T h i s  f r a c t i o n a t i o n  i s  i n  t h e  r i g h t  

d i r e c t i o n ,  i f  we assume t h a t  a decarboxy la t ion  mechanism y i e l d e d  a C02 

e n r i c h e d  i n  6C13 which subsequent ly was used as a source i n  t h e  d o l o m i t e  

format ion.  One may a l s o  propose t h a t ,  d i f f e r e n t  f rom e a r t h ,  t h e  produc- 

t i o n  o f  o r g a n i c  carbon exceeded by f a r  t h e  f o r m a t i o n  o f  carbonates,  which 

a c t u a l l y  came l a t e  i n  t h e  h i s t o r y  o f  t h e  carbonaceous c h r o n d r i t e s .  That  

i s  a t  a t i m e  when t h e  r e s i d u a l  carbon pool  may a l r e a d y  have been h i g h l y  

e n r i c h e d  i n  C13, due t o  a s l i g h t  p re fe rence o f  C1' - e x t r a c t i o n  d u r i n g  t h e  

i n o r g a n i c  s y n t h e s i s  of carbon-conta in ing molecules.  So f a r ,  do lomi tes  
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a r e  o n l y  known f rom carbonaceous chondr i tes ,  and i n  a l l  p r o b a b i l i t y  a 

cause and e f f e c t  r e l a t i o n s h i p  between o r g a n i c  m a t t e r  and carbonates may 

be a n t i c i p a t e d .  

Many papers have appeared r e c e n t l y  which assume a b i o g e n i c  o r i g i n  

The i d e a  f o r  t h e  o r g a n i c  m a t t e r  con ta ined i n  carbonaceous chondr i tes .  

has even been p u t  fo rward  t h a t  photosynthe t ic  organisms were p r i n c i p a l l y  

i n v o l v e d  i n  t h e  p r o d u c t i o n  o f  t h i s  e x t r a t e r r e s t r i a l  o rgan ic  m a t e r i a l .  

Here i s  n o t  t h e  p l a c e  t o  rev iew these c la ims c r i t i c a l l y ,  b u t  t h e  c l o s e  

agreement between t h e  6C13 i n  t e r r e s t r i a l  magmatic carbon and i n  t h e  

Type 1 carbonaceous c h o n d r i t e  should make everybody aware t h a t  i s o t o p e  

d a t a  do by no means suppor t  such i n f e r e n c e ,  b u t  t h a t  they  a r e  more i n  

l i n e  w i t h  an a b i o t i c  o r i g i n  o f  m e t e o r i t i c  carbon. 

SUMMARY 

A l l  i s o t o p e  i n f o r m a t i o n  p e r t i n e n t  f o r  t h e  r e c o n s t r u c t i o n  o f  t h e  carbon 
13 c y c l e  i n  n a t u r e  have been summarized i n  F igure  14. We p o s t u l a t e  a S C  

o f  -7 f o r  t h e  magmatic carbon source. 

compos i t ion  p r e s e n t l y  d i s p l a y e d  i n  t h e  atmosphere. 

amounts o f  carbon c o n t r i b u t i o n s  by v o l c a n i c  gases w i l l  o n l y  change t h e  

p a r t i a l  C02 pressure  and e v e n t u a l l y  t h e  pH i n  sea water, b u t  Rot t h e  i s o t o p e  

compos i t ion  o f  atmosphere and hydrosphere. 

T h i s  i s  e s s e n t i a l l y  t h e  same i s o t o p e  

I n  t h i s  way, s i g n i f i c a n t  

The u n i f o r m  i s o t o p e  r a t i o s  f o r  a l l  post-Precambrian carbonates and 

o r g a n i c s  can o n l y  mean t h a t  we are d e a l i n g  w i t h  a r a t h e r  d e l i c a t e  biochem- 

i c a l  system, where t h e  produc t ion  o f  o r g a n i c  m a t t e r  and t h e  f o r m a t i o n  o f  

l imestones  i s  i n  a wel l -ba lanced s t a t e .  From t h e  w ider  range i n  the  i s o t o p e  

compos i t ion  of Precambrian organ ic  m a t t e r ,  we may i n f e r  t h a t  t h e  carbon 

c y c l e  was s t i l l  i n  a s t a t e  o f  f l u x  and thus  i n  " d i s e q u i l i b r i u m . "  
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F i g u r e  14 

Diagenesis and metamorphosis w i l l  n o t  a l t e r  t h e  i s o t o p e  composi t ion 

A complete m e l t i n g  and exchange o f  t h e  o r g a n i c  m a t t e r  t o  a l a r g e  e x t e n t .  

w i t h  magmatic carbon i s  r e q u i r e d  t o  erase t h e  i s o t o p e  r e c o r d  which p r i n -  

c i p a l l y  was f i x e d  d u r i n g  photosynthes is .  
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APPEND1 X 

T h i s  c h a p t e r  comprises a c o l l e c t i o n  o f  a l l  carbon i s o t o p e  da ta  which 

have been used i n  t h e  preceeding d iscuss ion.  The more than 5000 i n d i v i d u a l  
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analyses have been grouped i n  such a way as t o  f a c i l i t a t e  a convenient  com- 

p a r i s o n  o f  t h e  v a r i o u s  s,amples (F igs .  15-21).  The l i s t  o f  p u b l i c a t i o n s  

from which t h e  i s o t o p e  da ta  were ob ta ined i n c l u d e  more than 400 t i t l e s .  

The au thor  r e g r e t s  t h a t  due t o  l a c k  o f  space no proper  c r e d i t  can be g i v e n  

here t o  a l l  sources o f  i n f o r m a t i o n .  A complete l i s t  o f  re fe rences ,  however, 

may be ob ta ined by w r i t i n g  t o  t h e  author .  

F igures  15  t o  21 
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TABLE 1 
BIOGEOCHEMICAL BALANCE OF CARBON- 46/ p7/ %/ 

Carbonates (cal  c i t e  + dolomite) 

Shales and Sandstones 

Coals 

Petroleum 

31 

2340 0 

633 -26 

1.1 -25 

0.035 -26 

Ocean (HC03- + C03-’ + dissolved C02) 7.5 

Atmospheric C02 0.125 

L i v i n g  matter ( land) 0.054 

0 

-7 

-25 

L i v i n g  matter (mari ne) 0.00005 -20 

Mean (magmatic carbon) 

* gram per square centimeter earth surface 

-7 
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